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ABSTRACII 
Projected minimum levels of engine exhaust emissions that may be 
p rac t i cao ly  achievable  f o r  f u t u r e  corercial a i r c r a f t  ope ra t ing  a t  hisf! 
a l t i t u d e  c r u i s e  condi t ions are presented. The f o r e c a s t s  are based on: 
(1) c u r r e n t  knowledge of emission ciruracter5stics of codustors and aug- 
r en to r s ;  (2) the cu r ren t  status of c o d u s t i o n  research i n  emission re- 
duct ion technology; and (3) p red ic t ab le  t r ends  i n  combustion systems and 
ope ra t ing  condi t ions as required f o r  projected engine designs that are 
c a d i d a t e s  f o r  advanced subsonic or supersonic  coaercial a i r c r a f t .  Re- 
s u l t s  are presented for  c r u i s e  condi t ions i n  terns of  a n  emission index, 
8 po l lu t an t fkg  fue l .  
presented: 
based on the  consensus of a n  a d  hoc committee composed of industry,  uni- 
v e r s i t y ,  and goverment  r ep resen ta t ives .  The consensus f o r e c a s t s  are i n  
geaeral  agreement with t h e  NASA fo recas t s .  
lbo sets of engine exhaust emission p r e d i c t i o n s  are 
the  f i r s t ,  based on an independent NASA study and t h e  second, 
This report provides f o r e c a s t s  of exhaust emission l e v e l s  that may 
be r e a l i s t i c a l l y  predicted f o r  f u t u r e  commercial aircraft c r u i s i n g  within 
t h e  upper troposphere and s t r a tosphe re .  The f o r e c a s t s  are based on cur -  
Tent knowledge of the  emission c h a r a c t e r i s t i c 2  of combustors and aug- 
mentors, tiic cu r ren t  s t a t u s  of combustion research i n  emission reduction 
technology, and p red ic t ab le  t r e n d s  in combusr.'con sys t ems  and ope ra t ing  
condi t ions as required f o r  jet engLnes t h a t  might be developed f o r  f u t u r e  
subsonic and supersonic coamercial aircraft. Resufts  are presented f o r  
c r u i s e  condi t ions i n  terms of an emission index, g po l lu t an t /kg  f u e l .  
Emission f o r e c a s t s  iiiclude estimates f o r  oxides of ni t rogen,  carbon mon- 
oxide,  t o t a l  hydrocarbons, p a r t i c u l a t e s  (soct), s u l f u r  dioxide,  t o t a l  
trace elements, carbon dioxide,  and water. 
eu i s s ion  predict ions ire presented: t h e  f i r s t ,  based on an independent 
;&SA stl.dy and t h e  second, based on the  consensus of an ad hoc committee 
composed of i ndus t ry ,  u c i v e r a i t y ,  ana government r ep resen ta t ives .  
Consensus fo recas t e  are i n  general  agreement with t h e  NASA f o r e c a s t s .  
Two sets of engine exhaust 
The 
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This r epor t  provides f o r e c a s t s  of pro jec ted  l e v e l s  of exhaust enis- 
s ions  t h a t  may be  r e a l i s t i c a l l y  appl ied  t o  f u t u r e  commercial a i r c r a f  t 
opera t ing  a t  high a l t i t u d e  c r u i s e  condi t ions .  Sucn pred ic t ions  are 
needed by the  department of Transpor ta t ion  as input  t o  t h e  Climatic Im- 
pact Assessment Program (CIAP).  The purpose of t h e  CIPS e f f o r t  is t o  
provide an assessment, by 1974, of t h e  p o t e n t i a l  climatic e f f e c t s  of per- 
t u rba t ions  of the  upper atmosphere caused by the  propulsion e f f l u e n t s  of 
a world-wide h igh-a l t i tude  a i r c r a f t  f l e e t  p ro jec ted  to the  year 1990 and 
beyond ( r e f .  1, pp. 2-12). 
program concerns the prepara t ion  of s i x  monographs that w i l l  d iscuss:  
(1) tne  n a t u r a l  s t r a tosphe re  of 1974; (2) t h e  na ture  of propulsion efflrt-  
en t s ;  (3) t h e  perturbed s t r a tosphe re ;  (4) t h e  perturbed troposphere;  
( 5 )  b io log ica l  e f f e c t s ;  and (6) economic e f f e c t s .  The engine emission 
forecasts that are summarized i n  t h i s  r epor t  are t o  be  used as p a r t  of 
the input  t o  t h e  second monograph. 
pro jec t ions  of f u e l  consumptian rates dur ing  c r u i s e  f o r  f u t u r e  a i r c r a f t ,  
rou tes ,  and frequency of t r a v e l  t o  determine t h e  rate of in t roduc t ion  of 
engine e f f l u e n t s  i n t o  the  S t ra tosphere  from advanced subsonic and super- 
sonic commercial a i r c r a f t  . 
One of the  p r inc ipa l  e f f o r t s  of t h e  o v e r a l l  
These emissions w i l l  be  combined wi th  
Current iJASA-Lewis po l lu t ion  technology inves t iga t ions ,  both small-  
scale and f u l l  annular combustor test e f f o r t s ,  are aimed a t  i n i t i a t i n g  
and eva lua t ing  p o t e n t i a l l y  a t t r a c t i v e  techniques fo r  reducing exhaust 
emissions from jet a i r c r a f t  ( r e f s .  2 t o  19).  Tnese e f f o r t s  w i l l  provide 
an estimate of the  ex ten t  t o  which cu r ren t  and f u t u r e  combustor emission 
l e v e l s  can be reduced. 
c lude  air  atomizing, premixing, and prevaporizing f u e l  i n j e c t i o n  systems; 
multi-zone f u e l  d i s t r i b u t i o n ;  f u e l  s tag ing ,  va r i ab le  geometry f o r  a i r f l o w  
andfor f u e l  d i s t r i b u t i o n  cont ro l ;  exhaust gas r e c i r c u l a t i o n ,  reduced re- 
ac t ion  zone dwell-time, rap id  r eac t ion  zone mixing, and t h e  u s e  of a l t e r -  
nate f u e l s .  I n  add i t ion ,  engine cyc le  s tudy  information is being used t o  
fo recas t  tile opera t ing  c o n s t r a i n t s  t h a t  may be imposed on t h e  combustor. 
The above mentioned s tudy elements are combined t o  make an NASA f o r e c a s t  
descr ibed i n  d e t a i l  i n  reference 20 of p rac t i cab ly  achievable  low-emission 
engine technoiogy fo r  t h e  time-periods of 1980-1985 and f o r  1990 and be- 
yond. Tinese f o r e c a s t s  are made on the  premise t h a t  conventional J P  f u e l  
would continue t o  be the  only G i r c r a f t  f u e l  t h a t  is used u n t i l  t he  l a t e  
1990's. 
and hydrogen has a l s o  been considered i n  re ference  20 for the t i m e -  
period beyond the  la te  1990's; howevzi, t he  d iscuss ion  i n  t h i s  r epor t  is 
l imi t ed  t o  JP-fueled a i r c r a f t .  
Some examples of techniques being evaluated in-  
The use  of s u b s t i t u t e  f u e l s  such as l i q u e f i e d  n a t u r a l  gas (LNG), 
Exhaust emissions pred ic ted  f o r  propulsion systems f o r  f u t u r e  con- 
mercial jet a i r c r a f t  are presented f o r  both minor and major redes igns  
of t he  combustor us ing  low emission technology. In  add i t ion ,  t h e o r e t i c a l  
minimum emission l i m i t s  were determined from chemical k i n e t i c s  ca lcu la-  
t i o n s  f o r  a combustor burning premixed-prevaporized f u e l .  The emission 
fo recas t s  are presented f o r  c r u i s e  condi t ions i n  terms of an emission 
index, g po l lu t an t /kg  fue l .  Emission f o r e c a s t s  inc lude  es t imates  f o r  
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oxides of n i t rogen ,  carbon mnoxide,  t o t a l  hydrocarbons, p a r t i c u l a t e s  
( soo t ) ,  s u l f u r  dioxide,  t o t a l  trace elements, carbon dioxide,  and water. 
Supplementary emission f o r e c a s t s  are presented t h a t  were prepared 
by an  ad hoc committee which combined the  opinions of s e v e r a l  re,.- - sent a- 
t i v e  engine manufacturers with the  independent NASA pro jec t ions .  X con- 
Sensus of t h e  most l i k e l y  engine cyc le s ,  combustion technology, and 
c r u i s e  emission l e v e l s  a n t i c i p a t e d  f o r  t he  time-periods of 1980-1985 and 
for 1990 and beyond was obtained by means of a j o i n t  eva lua t ion  of t h e  
independent forecasts prepared by each of t he  manufacturers and by NASA. 
The engine manufacturers t h a t  contr ibuted t o  t h i s  e f f o r t  were De t ro i t  
P i e s e l  A l l i son  Division of General Motors Corporation, General E l e c t r i c  
Company, and P r a t t  Q Whitney Aircraft Division of United Aircraft Corpor- 
ation. 
mente and then p a r t i c i p a t e d  with NASA i n  a r r i v i n g  a t  a j o i n t  consensus of 
estimated emissions.  
t i o n ,  t h e  Environmental P ro tec t ion  Agency, and the  Universi ty  of 
Ca l i fo rn ia ,  Berkeley, a l s o  served on the  committee. 
Ad Hoc Committee are l i s t e d  i n  the  appendix. There w a s  general  agreement 
t h a t  J P  or hydrocarbon type f u e l s  would probably be t h e  only f u e l  used by 
commercial a i rcraf t  u n t i l  far  beyond 1990; t he re fo re ,  t h e  consensus fa re-  
casts were l imi t ed  t o  t h e  use o f  J P  f u e l .  
Each of these  manufacturers prepared t h e i r  own independent assess- 
Representat ives  from t h e  Department of Transporta- 
The members of t h e  
I. PROJECTED ENGINE CYCLES 
Both t h e  NASA and t h e  Ad Hoc committee s t u d i e s  conclude t h a t  f u t u r e  
commercial subsonic j e t  a i r c r a f t  w i l l  be  equipped p r imar i ly  w i t h  advanced 
high-bypass turbofan engines.  The Ad Hoc Committee s tudy p r e d i c t s  t h a t  
e i t h e r  a duct-burning turbofan or a nonaugmented (dry) t u r b o j e t  may be 
t h e  most l i k e l y  engines f o r  f u t u r e  advanced supersonic  t r a n s p o r t s ,  as 
compared with the  NASA study which selects only a duct-burning turbofan 
engine. Both s t u d i e s  conclude t h a t  JP-type f u e l s  would ptobably be t h e  
only f u e l  used by commercial a i r c r a f t  u n t i l  f a r  heyond 1990. 
NASA Study 
Engine designs were s e l e c t e d  f o r  both a subsonic and a supersonic  
mission tha t  r e s u l t e d  i n  minimum values of a i r c r a f t  takeoff g ross  weight 
(TOGW) f o r  a given payload and range, and a s p e c i f i e d  noise  c o n s t r a i n t .  
Airplane economics are improved as  TOGW is  reduced. Takeoff g ross  weight 
v a r i e s  a s  t h e  engine design parameters ( t u r b i n e  i n l e t  temperature,  over- 
a l l  pressure r a t i o ,  fan pressure r a t i o ,  and bypass r a t i o )  and engine s i z e  
are var ied.  The values  s e l e c t e d  f o r  these englne design parameters a r e  
influenced by the  noise  c o n s t r a i n t  which penalized TOGW. However, t he  
values s e l e c t e d  f o r  t hese  engine design parameters were not constrained 
by engine exhaust emission l i m i t s .  It has  been assumed t h a t  engine ex- 
haust  emissions would be minimized by means of low-emission combustor 
technology. 
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A reduct ion  i n  t h e  NOx emission index might be  achieved by a lower- 
i ng  of t h e  o v e r a l l  p ressure  r . i t io below t h e  values  se l ec t ed  i n  t h i s  s tudy.  
X moderate reduct ion i n  o v e r a l l  p ressure  r a t i o  might be t o l e r a b l e  but  a 
l a r g e  reduct ion i n  o v e r a l l  p ressure  r a t i o  would s e r i o u s l y  pena l ize  TOGW. 
S imi la r ly ,  a small reduct ion i n  NO, might a l s o  be obtained by reducing 
the  tu rb ine  i n l e t  temperature,  bu t ,  again,  no t  without pena l i z ing  TOGM. 
For the  supersonic  mission, NO, might be reduced by minimizing c r u i s e  
f l i g h t  speed. 
i n  t h i s  study. 
None of these  emission c o n s t r a i n t s  have been considered 
Tables I and IL descr ibe  commercial a i r c r a f t  systems and c r u i s e  
opera t ing  condi t ions ,  respec t ive ly ,  f o r  both subsonic  and supersonic  
missions which are fo recas t  f o r  t h e  t i m e  period of 1980-1985 and fo r  
i990 and beyond. For t he  subsonic CTOL (conventional takeoff  and land- 
ing) a i r c r a f t ,  i t  is assumed t h a t  production or growth vers ions  of a i r -  
c r a f t  such as the  747 or DC-10 w i l l  cont inue t o  be i n  s e r v i c e  up t o ,  a t  
least, 1990; and t h a t  advanced turbofan engines u t i l i z i n g  low NO, com- 
bus tor  technology could be  incorporated i n t o  these  a i r c r a f t  between 1980 
and 1985. An Advanced Technology Transport  (ATT) fueled by J P  could be 
opera t iona l  i n  t h e  e a r l y  1990's.  For t h e  supersonic  mission, i t  is 
fo recas t  t h a t  t he  Concord- would e n t e r  s e r v i c e  i n  1975 and t h a t  growth 
vers ions  of t h e  Concorde would remain i n  s e r v i c e  up to ,  a t  least  1990. 
Detai led information is lacking  on the  Tupolev TU-144, which i s  expected 
t o  become opera t iona l  i n  1974; however, i ts opera t ing  c h a r a c t e r i s t i c s  
should be s imi l a r  to  the  Concorde. A JP-fueled Advanced Supersonic 
Transport  (ASST) might be ope ra t iona l  i n  the  early 1990's.  The a n a l y t i -  
c a l  da t a  presented i n  t a b l e s  I and I1 f o r  t h e  fu tu re  subsonic (ATT) and 
supersonic  (ASST) a i r c r a f t  are based on mission-analysis c a l c u l a t i o n s  
(performed by James F. Dugan, Jr.,  of NASA L e w i s  Xesearch Center) similar 
t o  those descr ibed i n  re ferences  21 and 22 ,  r e spec t ive ly .  Although these  
mission analyses  consider information and comments from a i r c r a f t  engine 
and airframe manufacturers,  and a i r l i n e s ,  they do not  i n d i c a t e  any com- 
mitments t h a t  f u t u r e  a i r c r a f t  and engines w i l l  match these  p red ic t ions .  
These ind ica t ed  engines and a i r c r a f t  s t a t i s t i c s  are,  however, t he  bes t  
information a v a i l a b l e  t o  t h e  au thors  a t  t h i s  time. 
Advanced Technology Transport  (ATT). - An a i r f rame with a super- 
c r i t i ca l  wing was se l ec t ed .  A t  t h e  design c r u i s e  condi t ions  o f  Mach 0.85 
and 12 2dO meters a l t i t u d e ,  t he  nominal l i f t - t o -d rag  r a t i o  was 20. 
design range was 5560 km with a payload of 200 passengers f o r  a transcon- 
t i n e n t a l  mission. 
about 10 200 knl has a l s o  been considered, but  has not  been included i n  
t a b l e  I ,  s i n c e  t h e  combustor opera t ing  condi t ions  do not  d i f f e r  g r e a t l y  
from the  t r anscon t inen ta l  mission; thus ,  t h e  exhaust emission ind ices  
would be  similar. 
is about 113 000 kg. Three high-bypass turbofan engines are s r e c i f i e d  
f o r  the  advanced subsonic mission. The engines  se l ec t ed  r e s u l t e d  i n  a 
no ise  l e v e l  of 96 EPNdB ( e f f s c t i v e  perceived noise  dec ibe l s )  which is 
10 EPNdB below t h e  FAR (Federa l  A i r  Regulation) 36 requirement.  
pass r a t i o  dur ing  c r u i s e  i s  7.8.  
( ful l -coverage f i l m  cco l ing)  was assumed and up t o  13 EPNdB of fan  
The 
An i n t e r c o n t i n e n t a l  mission with a design range of 
Takeoff gross  weight of t he  advanced subsonic  a i r c r a f t  
The by- 
An advanced tu rb ine  cool ing  scheme 
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machinery noise suppression. ‘Chi? t o t a l  f u e l  flow rate per engine during 
c r u i s e  is 1610 kg/hr.  A s  shotcn i n  t a b l e  I I ( a ) ,  a t  c r u i s e  ope ra t ing  condi- 
t i ons ,  t h e  operat ing condi t ions s e l e c t e d  f o r  t he  XTT has combustor i n l e t  
temperature and p res su re  t h a t  are s l i g h t l y  lower and a combustor e x i t  t e m -  
perature  t h a t  is somewhat higher  than a r ep resen ta t ive  product ion turbofan 
engine. 
hdvanced Supersonic Transport  (ASST). - The duct-burning turbofan 
engines f o r  t he  ASST were se l ec t ed  t o  meet an FA!{ 36 s i d e l i n e  no i se  con- 
s t r a i n t  (108 EPSdP). 
by consider ing ti.2 j e t  e x i t  v e l o c i t i e s  (and hence j e t  no i se )  of t he  tfio 
streams which, when added, produce 108 EPNdB without suppression. The 
engines were s i z e d  f o r  a maximum dry ( i . e . ,  nonduct-burning) takeoff with 
acceptable  f i e l d  length and community noise  requirements ( a t  6.5 km, from 
s tar t  of r o l l ) .  Turbine-inlet  temperature and cool ing bleed were s e l e c t e d  
as being s u i t a b l e  f o r  advanced ful l -coverage f i l m  cooling. The a i r p l a n e  
used in t h i s  eva lua t ion  cruised a t  Mach 2 . 7  a t  an  a l t i t u d e  of 19 800 
meters. I n i t i a l  c r u i s e  a l t i t u d e  w a s  optimized t o  maximize the  L/D ( l i f t  
t o  drag r a t i o )  over s f c  ( s p e c i f i c  f u e l  consumption) quo t i en t .  An LID 
of 9.9 w a s  t y p i c a l  f o r  t he  JP-fueled a i r p l a n e .  
temperature w a s  reduced from the climb s e t t i n g  so t h a t  ope ra t ion  was near 
the minimum point on the  sfr-versus- thrust  curve. 
7400 km w a s  obtained i n  an al l -supersonic-cruise  mission ( i . e . ,  with no 
subsonic c r u i s e  l eg )  with 250 passengers.  Takeoff gross  weight fo r  t he  
ASST is about 382 000 kg. The c r u i s e  bypass r a t i o  is 2.36. The com- 
bus to r  f u e l  flow rate p e r  engine during c r u i s e  is 10 750 kg/hr .  A small 
degree of augmentation i s  required during c r u i s e  t h a t  r e s u l t s  i n  a duct-  
burner f u e l  flow rate of 4200 kg/hr .  
during c r u i s e  is 14 950 kg/hr .  As shown i n  t a b l e  I I ( b )  , at c r u i s e  oper- 
a t i n g  condi t ions,  the operat ing condi t ions s e l e c t e d  f o r  t h e  ASST has  com- 
bus to r  i n i e t  temperature and pressure t h a t  are s l i g h t l y  lower, bu t  a com- 
bus to r  e x i t  tem;erature t h a t  is much higher  than the  corresponding design 
condi t ions of the  d lymyus  593 engine.  
Bypass  r a t i o  and fan p res su re  r a t i o  were determined 
The c r u i s e  duct-burner 
A design range of 
The t o t a l  engine f u e l  flow rate  
Ad Hoc Committee Study 
The consensus f o r e c a s t s  are based on a more general  range of operat-  
i ng  condi t ions f o r  fu tu re  j e t  engines as compared with the  NASA f o r e c a s t s  
which are based on s p e c i f i c  ope ra t ing  condi t ions determined from s e v e r a l  
projected engine cyc le s  for  fu tu re  j e t  a i r c r a f t .  
Subsonic a i r c r a f t  engines.  - The Ad Hoc Committee agrees  t h a t  many 
of t h e  cu r ren t  turbofan engines p re sen t ly  being used f o r  CTOL a i r c r a f t  
W i l l  continue t o  be i n  se rv i ce  a t  l e a s t  up t o  about 1990. A i r c r a f t  
engines such as t h e  CF-6, JT9D, and KB 2 1 1  manufactured a f t e r  1978 w i l l  
require  modifications i n  order  t o  meet proposed EPA emission s t anda rds  
( re f .  23). 
turbofan engines f o r  P.TT a i r c r a f t  would begin t o  e n t e r  s e r v i c e  between 
1980 and 1985. After 1990, commercial a i r c r a f t  would be equipped D r i -  
m a r i l y  with advanced hir,li-bypass turbofan engines .  
Growth versj-ons of these engines and advanced high-bpysss 
The sea- level  takeof t 
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(SLTO) t h r u s t  of these  advanced turbofan engines might vary from 110 000 
t o  360 000 newtons ( 2 5  000 t o  80 000 l b f )  depending on t h e i r  use In 
e i t h e r  s h o r t  o r  long haul a i r c r a f t .  
cur ren t  hlgh-bypass turbofan engines ranges from about 180 000 t o  
240 000 newtons (40 000 t o  53 000 l b f ) .  
o v e r a l l  p ressure  r a t i o  f o r  t h e  advanced engines range from about 25 t o  
37 compared t o  cur ren t  values of 20 t o  30. The d i f f e rences  i n  the  c r u i s e  
opera t ing  condi t ions  between t h e  advanced and cur ren t  engines would re- 
s u l t  i n  combustor i n l e t  p ressures  and temperatures, and exi t  temperatures 
ranging from cur ren t  t o  modestly higher  values .  
For comparison, the  SLTO t h r u s t  of 
The pro jec ted  values  f o r  the  
Supersonic a i r c r a f t  engines.  - The Concorde and Tupolev TU-144 o r  
growth vers ions  of these a i r c r a f t  w i l l  probably cont inue t o  be i n  se rv i ce  
by the  1980 t o  1985 time period;  however, advanced supersonic  t r a n s p o r t s  
(ASST) of g r e a t e r  s i z e  and range would be expected t o  e n t e r  s e rv i ce  i n  
the  t i m e  period bevond 1990. 
sonic  t r anspor t  w i l l  be inf luenced s i g n i f i c a n t l y  by no i se  cons t r a in t s .  
E i the r  a duct-burning turbofan or  a nonaugmented (dry) t u r b o j e t  could be 
considered as a candidate  f o r  t h i s  appl ica t ion .  An advanced supersonic  
t r anspor t  would be expected t o  c r u i s e  wi th in  a Mach number range of 2.2 
t o  2.7. 
The engine s e l e c t i o n  f o r  an advanced super- 
The sea l e v e l  takeoff (SLTO) t h r u s t  of t hese  advanced engines  could 
range from 220 000 t o  370 000 newtons (50 000 t o  82 000 l b f ) .  
t h r u s t  of the  Olympus engine used fo r  the  Concorde is about 170 000 new- 
tons  (38 000 l b f ) .  
range from 1 2  t o  25 with a turb ine  i n l e t  temperature as high as 1600 t o  
1800 K. 
The SLTO 
The projected o v e r a l l  p ressure  r a t i o  (SLTO) could 
11. PROJECTED EMISSION REDUCTION TECHNOLOGY 
Each s tudy considers  s eve ra l  ca tegor ies  of advanced combustor tech- 
nology t o  a t t a i n  varying degrees of NOx emission reduct ions.  
t he  NASA s tudy p r e d i c t s  a t h e o r e t i c a l  minimum NOx emission l e v e l  based on 
chemical k i n e t i c s  ca l cu la t ions  for  a combustor burning a premixed- 
prevaporized fue l .  
In  add i t ion ,  
NASA Study 
Along with emission con t ro l s ,  t h e r e  are a nunher of c r i t i c a l  perform- 
ance f a c t o r s  t h a t  must be considered i n  t h e  design of any a i r c r a f t  gas 
tu rb ine  combustor; f o r  example, combustion e f f i c i ency ,  t o t a l  p ressure  
l o s s ,  d u r a b i l i t y ,  e x i t  temperature p r o f i l e ,  and a l t i t u d e  r e l i g h t .  Com- 
bus to r  s i z e  and weight a r e  important because they inf luence  t h e  o v e r a l l  
weight of the  engine.  
and the  bear ing  requirements. Reducing combustor length  also reduces t h e  
amount of a i r  required t o  cool  t he  combustion l i n e r  by reducing l i n e r  
sur face  a rea  and may a l s o  be d e s i r a b l e  fo r  reducing NO, emissions by re- 
ducing r eac t ion  zone dwell t i m e .  
Combustor length a f f e c t s  t he  tu rb ine  s h a f t  length 
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Proposed Federal r egu la t ions  designed t o  c o n t r o l  n o i s e  l i m i t s  and 
a i r  q u a l i t y  a r e  expected t o  have a s i g n i f i c a n t  impact on the design o f  
f u t u r e  a i r c r a f t  engines ( r e f .  2 4 ) .  To o f f s e t  t h e  economic penalties of 
low n o i s e ,  engines must  be l i g h t e r  and more e f f i c i e n t ;  thus f l i r ther  em- 
phasizing t h e  requirement f o r  compact engine components such as combus- 
t i o n  systems. 
Proposed r egu la t ions  on a i r c r a f t  emissions include limits on gaseous 
p o l l u t a n t s  (CO, t o t a l  hydrocarbons, and NOx) which are produced during a 
defined landing-takeoff cyc le  ( r e f .  23). This cycle  covers a l l  a i rcraf t  
operat ions below a n  a l t i t u d e  of 915 meters. 
sets a maximum value on t h e  SAE smoke number. 
emission r egu la t ions  r e q u i r e s  that improvements be made i n  combustor de- 
s ign  t o  reduce hydrocarbons and carbon monoxide during engine i d l e  and 
taxi, and t o  reduce NOx and smoke during takeoff .  Many of t h e  techniques 
being inves t iga t ed  t o  reduce NO, dur ing takeoff are also a p p l i c a b l e  t o  
t h e  reduct ion of NO, dur ing c r u i s e ;  however, t h e  techniques being s tud ied  
t o  reduce CO and THC a t  engine i d l e  by improving combustion e f f i c i e n c y  
during i d l e  are gene ra l ly  not required f o r  cruise condi t ions s ince  the  
combustion e f f i c i e n c y  is  a l r eady  near 100 percent a t  c ru i se .  Some of  the  
techniques used t o  mininize i d l e  CO and THC p o l l u t a n t s  may adversely 
a f f e c t  t h e  formation of NO, o r  smoke a t  higher  power condi t ions;  there-  
f o r e ,  f u t u r e  combustor designs might r equ i r e  v a r i a b l e  geometry f o r  t he  
c o n t r o l  of primary a i r f lc - .?  d i s t r i b u t i o n  and/or f u e l  d i s t r i b u t i o n  t o  
minimize po l lu t an t  formation over a wide range of engine ope ra t ing  con- 
d i  t i ons .  
A l i m i t  on smoke emissions 
Meeting these  a i rc raf t  
A l l  of t h e  above f a c t o r s  must b e  considered i n  a r r i v i n g  a t  the com- 
bus to r  technology requirements f o r  t h e  projected engine cyc le s  included 
i n  t a b l e  11. The combustion e f f i c i e n c y  during c r u i s e  of f u t u r e  combus- 
t o r s  designed f o r  e i t h e r  ATT o r  ASST a i r c r a f t  should be v i r t u a l l y  t h e  
same as f o r  present production combustors which are very nea r  100 percent.  
It  may be  f e a s i b l e  t o  design e i t h e r  t u r b o j e t  a f t e r b u r n e r s  o r  turbofan 
duct-burners with combustion e f f i c i e n c i e s  near  100 percent  during c r u i s e  
by means of e f f e c t i v e  f u e l  a tomizat ion and f u e l - a i r  mixing. Gptimum 
fue l - a i r  mixing might be a t t a i n a b l e  by v a r i a b l e  geometrv t o  c o n t r o l  a i r -  
flow and lo r  f u e l  flow d i s t r i b u t i o n .  
S a t i s f a c t o r y  r e i g n i t i o n  c a p a b i l i t i e s  are required t o  a l low s t a r t u p  
of the  engine i n  t h e  event  of a flame blowout a t  a l t i t u d e .  
of leaning-out the  primary zone t o  minimizr- NO, may adversely a f f e c t  a l -  
t i t u d e  r e l i g h t ;  t he re fo re ,  s p e c i a l  procedures may be necessary t o  regain 
r e l i g h t  c a p a b i l i t i e s  lost due t o  des j  gn changes f o r  reduced emissions.  
The technique 
The discussion of combustcr design techniques w i l l  a ccen tua te  those 
concepts which may e f f e c t  a reduct ion i n  NO, emissions during c r u i s e  op- 
e r a t i o n .  A s  indicated i n  t a b l e  111, two levels of combustion sys t em de- 
s i g n  changes f o r  reducing c r u i s e  emissions are considered: 
minor r e t r o f i t s  t o  e x i s t i n g  production engines o r  minor improvements t o  
growth vers ions of t hese  production engines,  and (Class  2)  major redesign 
(advanced s ta te-of- the-ar t  emission reduct ion technology) based on 
(Class  l )  
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c u r r e n t  experimental emission reduct ion programs such as t h e  NASA "Exuer- 
imental Clean Comoustor 'Program." For comparative purposes, lover ernis- 
s i o n  l i m i t s  determined by  chemical k i n e t i c s  c a l c u l a t i o n s  for a premixing- 
prevaporizing combustor are a l s o  included. The two l e v e l s  of design in- 
provement, i n  t u r n ,  represent  i nc reas ing  design complexity and a g rea t e r  
depa r tu re  from conventional design methods, and the  t h e o r e t i c a l  minimum 
r e p r e s e n t s  a goal t o  s t r i v e  f o r  i n  p r a c t i c a l  combustor design by ap- 
proaches t h a t  have not y e t  been determined. 
It is judged that the  teclinology required f o r  a Class  1 modif icat ion 
t o  a JP-fueled combustor should be a v a i l a b l e  wi th in  1 t o  2 years; however, 
a n  a d d i t i o n a l  3 t o  5 years would be required f o r  implementing t h e  modifi- 
c a t i o n  and obtaining the  necessary engine c e r t i f i c a t i o n .  Approximately 
3 to  5 yea r s  should be r equ i r ed  t o  evolve t h e  technology f o r  a Class 2 
modification t o  a JP-fueled combustor. After  demonstrating t h e  Class 2 
teclinology, a? a d d i t i o n a l  4 t o  5 years should be r equ i r ed  t o  implement 
t h i s  modification i n t o  an advanced engine design. 
The projected combustor technology t h a t  might be u t i l i z e d  i n  t h e  ad- 
vanced propulsion sys tems l i s t e d  i n  t a b l e s  I and I1 are  based on a pro- 
j e c t i o n  of t h e  emission reduct ion technology summarized i n  r e fe rence  20. 
A d e s c r i p t i o n  of t h e  predicted l e v e l s  of design improvement o r  "Class 
Change" is discussed below. 
Class 1 engine modif icat ion.  - The s implest  modif icat ion t o  t h e  com- 
bustor  t h a t  may be envisioned would be a r e t r o f i t  o r  redesign o f  t h e  f u e l  
i n j e c t i o n  s y s t e m  t o  improve the  atomization and ca rbure t ion  of +he f u e l .  
The concept of a i r  atomizat ion discussed i n  r e fe rence  10  may be capable 
of providing a more uniform fue l - a i r  mixture than poss ib l e  with th?  con- 
ven t iona l  pressure atomized f u e l  i n j e c t o r .  A i r  atomizing f u e l  i n j e c t o r s  
are c u r r e n t l y  under evaluat ion i n  s e v e r a l  engine development prograns.  
Further r e sea rch  on a i r  atomizing f u e l  i n j e c t o r s  i s  required t o  evolve 
designs t h a t  (1)  ope ra t e  w e l l  over a wide range of f u e l  flows, (2 )  demon- 
strate good d u r a b i l i t y ,  and ( 3 )  s a t i s f y  a l t i t u d e  r e l i g h t  requirements.  
Class 2 engine modif icat ion.  - A "Class 2 Change" is defined as a 
major redesign of the  combustor based on advanced emission r educ t ion  
technoldgy. 
multizone (swirl-can) combustor concepts described i n  r e fe rence  6 which 
provide uniform r e a c t i o n  zone temperature and a r e l a t i v e l y  quick quench- 
ing  of t he  r eac t ion  by the  d i l u t i o n  a i r .  Trie emissions of oxides of 
n i t rogen  (NO,) f o r  two d i f f e r e n t  multizone combustors (one, a swi r l - can  
and the  o the r ,  a double annular)  are shown i n  f i g u r e  1. 
t h i s  f i g u r e  are d a t a  from a single-annular combustor ( r e f .  25 ) .  The NO, 
emission index, grams of N02 produced pe r  kilogram of f u e l  burned, is 
shown as a funct ion of t he  combustor e x i t  average temperature.  The test  
condi t ions (p re s su re ,  i n l e t - a i r  temperature, and r e fe rence  v e l o c i t y )  were 
the  same fo r  a l l  t h ree  combustors. The r,*.:nber cf f i i r . 1  :iijccti.oa .c.m:rL*e:; 
f o r  eacli! cc::~bustot' I s  f r d i c a t c d  ir. the figure. inctcasi.ng t h e  num- 
ber of f u e l  i n j e c t i o n  sources  and spreading t h e  combustion more uniformly 
throughout t h e  combustor appears t o  be a very e f f e c t i v e  way of reducing 
P ro jec t ions  f o r  t h e  "Class 2 Change" w i l l  be based on the  
Also shown on 
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t he  emission of NO,. The techniques of premixing f u e l  and a i r  and rapid 
quenching of the  combustion r eac t ion ,  both incorporated i n t o  t h e  swirl- 
can approach, are a l s o  considered t o  be a p r i n c i p l e  f a c t o r  fo r  producing 
t h e  lower NO, emissioas cf thesz combustors, Figure 2 compares the IJOx 
emission l e v e l  for t h e  t h r e e  combustor t y p e s  with inc reas ing  i n l e t - a i r  
temperature and a constant e x i t  temperature of 1500 I;. The t r end  with 
inc reas ing  inlet-air temperature is a n  exponent ia l  i nc rease  i n  SOx emis- 
s i o n  index. 
produces only about 60 percent as much NO, as the  more conventional 
single-annular combustor. 
A t  an i n l e t - a i r  temperature of 750 K t h e  swir l -can combustor 
Tile swirl-can combustor is j u s t  one of t h e  concepts beipg evaluated 
i n  t h e  NASA "Experimental Clean Combustor Program" descr ibed i n  r e f e r -  
ence 2 .  The goal of t h i s  program is t o  develop and demonstrate technology 
t o  decrease p o l l u t a n t  emissions of modern gas t u r b i n e  engines.  This  tech- 
nology is mainly app l i cab le  t o  advanced STOL a i rc raf t  wi th  engine com- 
pressor  pressure r a t i o s  of approximately 20 t o  35. However, t h e  combustor 
technology generated w i l l  a l s o  be  app l i cab le  t o  engines f o r  supersonic  
a i r c r a f t .  The program w i l l  be conducted i n  th ree  phases. Contracts  f o r  
t he  first phase were awarded by NASA-Lewis Research Center t o  both General 
Electric and P r a t t  61 h%itney Aircraft. I n  t h i s  f i r s t  phase of Lhe pro- 
gram, both con t r ac to r s  w i l l  conduct experiments i n  combustor test f a c i l i -  
ties t o  screen combustor concepts for  reducing emissions. Each con- 
t r a c t o r  w i l l  eva lua te  the  NASA-Lewis swirl-can concept i n  a d d i t i o n  t o  
s e v e r a l  of t h e i r  own concepts. 
w i l l  be  t o  demonstrate a reduct ion i n  NOx emissions t o  approximately one- 
fou r th  of t he  cu r ren t  l e v e l s  f o r  production engines. There i s  a l s o  a re- 
quirement t o  s i g n i f i c a n t l y  reduce emissions a t  engine i d l e  condi t ions.  
Addendums t o  t h i s  program have a l s o  been included t o  reduce t h e  NO, e m i s -  
s i o n  index t o  a l e v e l  of 5 g N02/kg f u e l  during c r u i s e  f o r  supersonic  
commercial a i rcraf t .  
The primary emphasis of t hese  c o n t r a c t s  
In  t h e  second phase of t he  program, f u r t h e r  tests w i l l  be  conducted 
to  develop ttie bes t  designs of Phase I and t o  demonstrate s a t i s f a c t o r y  
combustor performance including uniformity of e x i t  temperature p r o f i l e ,  
a l t i t u d e  i g n i t i o n  c a p a b i l i t i e s ,  and d u r a b i l i t y .  I n  the  t h i r d  program 
phase, t he  b e s t  combustor concepts w i l l  be evaluated i n  a high 
compressor-pressure-r-tio engine demonstration test .  This technology 
may be a v a i l a b l e  to  e.igine designers  during t h e  1980 t o  1985 time period. 
Other types of low NO, combustor concepts being inves t iga t ed  i n  t h i s  pro- 
gram as descr ibed i n  reference 2 may prove t o  be as a t t r a c t i v e  o r  even 
b e t t e r  than t h e  "swirl-can" concept.  
Minimum engine emissions. - Experimental r e sea rch  is j u s t  beginning 
i n  an a t t e m p t  t o  evolve combustor concepts t h a t  may s i g n i f i c a n t l y  lower 
t h e  NOx emission index to  levels of t h e  order of a f a c t o r  of t en  below 
the  cu r ren t  goa l s  of t h e  "Experimental Clean Combustor Program." 
emission p ro jec t  i ons  f o r  t h e  premixing-prevapor i z  i n g  combust or presented 
he re in  w i l l  be based on a n a l y t i c a l  c a l c u l a t i o n s  descr ibed below. 
s u l t s  of t hese  c a l c i J a t i o n s  should be i n t e r p r e t e d  cau t ious ly  because: 




bubtion process, (2) a d d i t i o n a l  improvements in the  chemical k i n e t i c  equa- 
t i o n s  t h a t  o r e  used may be  warranted os new chemical k i n e t i c s  data become 
a v a i l a b l e ,  and (3) t h e  deGree to  which t h i s  t h e o r e t t c a l  r e s u l t  may be 
approached by p r a c t i c a l  combustor hardware is uncertain.  
may be envisioned i n  t h e  evolut ion of premixed-prevaporieed combustors 
including the design of a s a t i s f a c t o r y  vaporizer  of JP f u e l ,  and t h e  con- 
t r o l  of flashback. 
Many problems 
The t h e o r e t i c a l  flame temperature is shown p l o t t e d  a g a i n s t  equiva- 
lence r a t i o ,  4 ,  f o r  JP f u e l  i n  f i g u r e  3. Equivalence r a t i o  is defined 
here as the  r a t i o  of the  fue l - a i r  r a t i o  i n  the  primary ( r eac t ion )  zone 
to  t h e  s to i ch iomet r i c  fue l - a i r  r a t i o .  These da t a  were obtained from the 
computer program of r e fe rence  26 f o r  combustor i n l e t  cond i t ions  (800 K, 
5 atm) simulat ing supersonic c ru i se .  The t h e o r e t i c a l  flame temperature 
f o r  JP reaches a peak a t  an equivalence r a t i o  of about 1.1. 
i n l e t  cond i t ions ,  t h e  maximum flame temperature of JP is 2560 8 .  
gen oxide formation may be minimized by maintaining t h e  lowest flame t e m -  
pe ra tu re  poss ib l e  i n  t h e  r eac t ion  zone. Because of t h e  l ean  flammabili ty 
l i m i t ,  the  minimum flame temperature f o r  a uniform mixture of f u e l  and 
a i r  is shown t o  be about 1900 K (4 = 0 .5 )  f o r  t h e  s p e c i f i e d  i n l e t  condi- 
t ions .  
For these  
Nitro- 
NOx emission ind ices  f o r  a premixing-prevaporitfng combustor were 
determined from an "Equilibrium Hydrocarbon Model" by using a modifica- 
t i o n  of t h e  chemical-kinetics computer program given i n  r e fe rence  27 as 
described i n  d e t a i l  i n  r e fe rence  20. 
a l l  s p e c i e s  of combustion products were assumed t o  be i n i t i a l l y  at equi- 
l ibr ium, and only t h e  k i n e t i c s  of t h e  nitrogen-oxygen r e a c t i o n s  were con- 
s idered.  Results from computations a t  a combustor i n l e t  temperature and 
pressure of 800 K and 5 atmospheres, r e spec t ive ly ,  and a r e a c t i o n  dwel l  
time of 2 mill iseconds are shown i n  f i g u r e  4, i n  which NOx emission index 
is p l o t t e d  a g a i n s t  equivalence r a t i o  i n  t h e  primary ( r eac t ion )  zone. Re- 
cent  experimental  r e s u l t s  (uupublished da ta  by David N. Anderson, NASA 
Lewis Research Center) obtained a t  t h e  same opera t ing  cond i t ions  with a 
l abora to ry  burner using premixed-prevaporized propane (described i n  
r e f .  17) ,  and l imi t ed  c a l c u l a t i o n s  based on a t h e o r e t i c a l  w e l l - s t i r r e d  
r e a c t o r  mcdel ( r e f .  28) which includes the  k i n e t i c s  of the  combustion 
r e a c t i o n  are a l s o  shown i n  f i g u r e  4 f o r  comparison. 
I n  t h i s  model, concentrat ions of 
The two t h e o r e t i c a l  models ag ree  w e l l  with experimental  r e s u l t s  near  
an equivalence r a t i o  of 1.0. 
l i b r ium Hydrocarbon Model p r e d i c t s  NOx values  of an o rde r  of magnitude 
below the  experimental r e s u l t s ,  whereas t h e  s i n g l e  da t a  point  from r e f -  
erence 28 is i n  good agreement wi th  e x p e r i w n t a l  results a t  an equiva- 
lence r a t i o  of 0 . 5 .  Thus, the Equilibrium Hydrocarbon Model may not be 
app l i cab le  a t  low equivalence r a t i o s .  
A t  lower equivalence r a t i o s ,  the  Equi- 
Within the  r eac t ion  zone, t h e  concentrat ion of oxygen atoms can 
overshoot t h e  equi l ibr ium value by s e v e r a l  o r d e r s  of magnitude a t  low 
temperatures ( r e f .  29) .  
the  nitric-oxide-producing scheme, the  Equilibrium Hydrocarbon Model 
Because the oxygen atom is an important part of 
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which assumes equi l ibr ium values  f o r  combustion products may no t  p red ic t  
n i t r i c  oxide concentrat ions accura te ly .  Also, a recent  study of premixed 
hydrogen flames showed t h a t  measured values of NOx concent ra t ions  were 
higher  than predicted when equi l ibr ium l e v e l s  f o r  t h e  oxygen atom concen- 
t r a t i o n  were assumed ( r e f .  30). Thus, t h i s  assumption can lead  t o  as 
much a s  an order  of magnitude d i f f e rence  between measured and computed 
NO, concent ra t ions  a t  low equivalence r a t i o s ,  
In  applying f igu re  4 t o  p red ic t ions  of  t he  lower NOx emission l i m i t  
presented i n  the  next s ec t ion ,  t he  curve f a i r e d  through t h e  experimental  
d a t a  and the d a t a  from the  t h e o r e t i c a l  k i n e t i c s  model of re ference  28 
w i l l  be  used. These r e s u l t s  provide only a preliminary i n d i c a t i o n  of  t he  
lower l i m i t  f o r  NO, emissions. In  actual practice,combustor performance 
l i m i t s  such as combustion s t a b i l i t y ,  degree of mixing, and uniformity of 
r e a c t i o n  zone temperature may s i g n i f i c a n t l y  alter these estimates. 
Ad Hoc Corni t tee  Study 
The present  b e l i e f  is t h a t  t h e  s t a t e - o f - a r t  of low emission com- 
bus tor  technology a v a i l a b l e  by t h e  1980 t o  1985 time period w i l l  be  moti- 
vated by the need t o  meet the  proposed 1979 EPA emission s tandards  
( r e f .  23). 
a i r c r a f t ;  however, add i t iona l  s tandards  fo r  supersonic  a i r c r a f t  are 
an t i c ipa t ed .  In  addi t ion ,  t h e  proposed s tandards  are cu r ren t ly  only 
app l i cab le  t o  a i r c r a f t  operat ions below 900 meters (landing-takeoff 
cycle). Many of the  concepts being inves t iga t ed  t o  reduce NO, f o r  t he  
proposed EPA l and ing- t abof f  cyc le  would a l s o  be e f f e c t i v e  i n  reducing 
NO, during c ru i se .  
by combustor redesign a lone ,  it may become necessary t o  obta in  a por t ion  
of t h e  NO, reduct ion  through the  use of water i n j e c t i o n .  
would not  be  acceptable  f o r  NO, r educ t ion  a t  c r u i s e  because of t h e  i m -  
p r a c t i c a l i t y  of using water i n j e c t i o n  during c ru i se .  
such as t h e  NASA "Experimental Clean Combustor Program" descr ibed previ-  
ously are applying low emission technology t o  combustor redesign.  
r ep resen ta t ive  engine manufacturers are a l s o  engaged i n  independent re- 
ses rch  e f f o r t s  aimed a t  the  development of low emission combustors that 
would comply with t h e  proposed EPA s tandards .  
necessary combustor redesign may r equ i r e  s taged  combustion o r  v a r i a b l e  
geometry f o r  t h e  con t ro l  of a i r f low and/or f u e l  flow i n  order  t o  obtain 
low emissions a t  both low power ( i d l e )  and high parer ( t akeof f )  condi- 
t i ons  
These emission s tandards p re sen t ly  p e r t a i n  only t o  subsonic 




It is conceivable that  the  
Af te r  developing the  required low emission combustor technology, a 
s u b s t a n t i a l  amount of development tine and t r s t i n g  w i l l  be required t o  
t r a n s l a t e  t h i s  experimental  technology i n t o  production technology t h a t  
f u l f i l l s  t he  s a f e t y ,  r e l i a b i l i t y ,  and economic requirements of a commer- 
c i a l  a i r c r a f t  . 
A p o s s i b i l i t y  e x i s t s  t h a t  NO, might be reduced t o  l e v e l s  lower than 
the  proposed EPA l i m i t s  by means of a mre advanced technology based on 
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t he  evolut ion of a premixed-prevaporiting coaabustor . However, t he  proba- 
b i l i t y  of t r a n s l a t i n g  t h i s  more advanced concept i n t o  production tech- 
nology by the 1980 t o  1985 t i m e  period is  considered t o  be  r e l a t i v e l y  low 
and would mre l i k e l y  not be achieved u n t i l  beyond 1990. 
111. PROJECTED EMISSIONS 
NASA Study 
The pro jec ted  engine-exhaust emissions a t  c r u i s e  condi t ions  are 
based on t h e  advanced subsonic ATT and advanced supersonic  ASST mibsions 
described i n  Sect ion I and t a b l e  11. Projec ted  emission l e v e l s  are pre- 
sented i n  tenas of a n  ezission index, grams of cons t i t uen t  per  kilogram 
of f u e l  burned. 
Emissions a f f ec t ed  s o l e l y  by f u e l  composition, - The emission l e v e l s  
f o r  cons t i t uen t s  t h a t  are pr imar i ly  a f f ec t ed  by the  composition of t h e  
f u e l  that is used are l i s t e d  i n  t a b l e  IV. I n  general ,  t he  emission in -  
d i ces  f o r  t hese  cons t i t uen t s  are independent of engine ope ra t ing  condi- 
t ions .  
t h e  exhaust during c r u i s e  should be  q u i t e  small. 
was obtained from reference  1. 
reference  31, and is based on the  cur ren t  s u l f u r  composition of commer- 
c i a l  jet  fue l s .  Tota l  t r a c e  elements are defined t o  include metallic 
elements i n  the f u e l  i n  add i t ion  t o  a r e l a t i v e l y  smaller quan t i ty  of 
eroded metal from engine components. 
ments was obtained from reference  31. 
lubr ica t i f ig  o i l  l o s t  from the  engino l u b r i c a t i n g  system was a l s o  obtained 
from reference 31. 
Despite the  lack of q u a n t i t a t i v e  da t a ,  t he  quan t i ty  of carbon i n  
The estimate f o r  carbon 
The e s t ima te  f o r  SO2 was obtained from 
The estimate f o r  t o t a l  trace ele- 
The estimate fo r  t he  quan t i ty  of 
Emissions a f f e c t e d  by engine opera t ing  va r i ab le s .  - The COS t o t a l  
hydrocarbons, and NO, emission f o r e c a s t s  presented he re in  f o r  f u t u r e  com- 
mercial jet  a i r c r a f t  are based on the  pro jec ted  combustor technology de- 
sc r ibed  i n  Section 11. As discussed previously,  these  f o r e c a s t s  are 
divided i n t o  two ca tegor ies  of advanced combustor technology represent ing  
d i f f e r e n t  degrees of NO, emission reduct ions.  The f i r s t  l e v e l  designated 
a s  a "Class 1 Engine Modification" assumes a moderate change o r  r e t r o f i t  
t o  e x i s t i n g  combustion s y s t e m  designs.  Emission fo recas t s  for  a ''Class 1" 
change are bksed on curren t  emission reduct ion research da ta  f o r  a i r  
a touiz ing  and vaporizing fuel i n j e c t o r s  descr ibed i n  r e fe rences  10 and 11. 
The second l e v e l  designated as a "Class 2 Engine Modificatior." assumes a 
complete redesign of the  combustion system. Emission forecast-s f c r  a 
Clams 2" change a r e  based on cur ren t  experimental da t a  f o r  multizone 
combustors (swir l -cans)  described i n  Sect ion 11. In  add i t ion ,  a theore t -  
ical NOx emission level is predicted t h a t  represents  an estimate of the  
lower l i m i t .  Theore t ica l  minimum emissions a r e  based on t h e o r e t i c a l  
k i n e t i c s  ca l cu la t ions  ;or a premixing-prevaporizing combustion sys tem 
assuming a r eac t ion  zone dwell time of 2 mill iseconds.  A "Cl-ass 1 Change" 
represents :  (1) the  leest a l t e r a t i o n  to  cLe engine design;  ( 2 )  a moder- 
ate reduct ion i n  emissions; and (3) the  h j p 5 e s t  p robab i l i t y  of being tech- 
I1 
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n i c a l l y  f e a s i b l e  without penal iz ing combustor performance. A "Class 2 
Change" represents :  
tern; (2 )  a s i g n i f i c a n t  reduct ion i n  emissions; and (3) a medium pLoba- 
b i l i t y  of being t echn ica l ly  f e a s i b l e  without pena l iz ing  combustor per- 
formance. 
. .; a n  extremely innovat ive redes ign  of t h e  combustion system; and (2) h 
very low p robab i l i t y  of being t echn ica l ly  f e a s i b l e  without. pena1izir.S 
Combustor per formnce .  
( i )  a major redesign of t h e  engine's  combustion SYS- 
To approach "Theoretical  Mninum Emissions" would entai:: 
For each l e v e l  of change, t h e  major motivat ion f o r  the  ind ica t ed  
modif i c a t f o n s  to  the  engine 's  combustion system is t o  reduce n i t rogen  
oxides.  Except f o r  t h e  case  of t h e  ASST duct-burner, no reduct ions  i n  
the  comoustor's CO and t o t a l  hydrocarbon emissions are pro jec ted  b d o w  
the  b e s t  l e v e l s  c. r r e n t l y  being observed for production engines  because 
(1) these  emissions l e v e l s  are a l ready  q u i t e  low dur ing  c r u i s e ,  and 
(2) i t  is d i f f i c u l t  t o  envis ion improvements i n  combustion e f f i c i e x y  of 
t h e  co re  combustor, which is a l ready  as c l o s e  t o  100 peKCeni as can be 
measured experimental ly .  
Procedures for  NOx emission index data ex t r apo la t ions .  - I n  many 
~ ~~~~~ - - ~~ ~~-~ ~ 
cases, it w a s  necessary t o  ex t r apo la t e  a v a i l a b l e  experimental  emission 
data f o r  NOx t o  t h e  combustor or  augmentor opera t ing  cond i t ions  s p e c i f i e d  
fo r  t he  advanced en;ines descr ibed i n  t a b l e  11. 
were performed to  c o r r e c t  f o r  t he  propei- i n l e t  and e x i t  temperatures,  and 
i n l e t  pressures  fo r  tho engines i n  t a b l e  11 by using t h e  d a t a  c o r r e l a t i o n  
methods descr ibed i n  r e fe rence  5 .  
Proper l e v e l s  by applying a square root  co r rec t ion .  An exponent ia l  ad- 
justment is appl ied t o  the  i n l e t  temperature by using t h e  c o r r e l a t i n g  
Parameter e(T/Td) where T is the  i n l e t  temperature (K) and Td is a 
constant c o r r e l a t i n g  f a c t o r  evaluated to  be  288 i n  r e fe rence  5 .  Varia- 
t i o n s  i n  e x i t  temperature are adjus ted  by applying a l i n e a r  co r rec t ion .  
Velocity or dwell-time co r rec t ions  were no t  used because t h e  combustor 
v e l o c i t i e s  of t h e  experimental  d a t a  a v a i l a b l e  were judged t o  be  repre-  
s e n t a t i v e  of t he  requirements f x  the  combustion systems of t a b l e  11. 
These ex t r apo la t ions  
I n l e t  pressures are adjus ted  t o  t h e  
No at tempt  w a s  made t o  c o r r e c t  f o r  d i f f e rences  i n  i n l e t - a i r  humidity 
between test f a c i l i t y  condi t ions  and condi t ions  a t  c r u i s e  a l t i t u d e .  Ref- 
erence 32 ind ica t e s  that the  NOx emission index inc reases  wi th  decreas ing  
i n l e t - a i r  humidity a t  a constant  exponent ia l  rate of e19H (xhere H i s  
the  humidity, g (H20)/g Typical values  of i n l e t - a i r  humidity 
f o r  combustor t es t  f a c i l i t i e s  vary from 0.0007 t o  0.006 g (H20,Ig 
a i r ;  thus the  app l i ca t ion  of combustor test da ta  to  a near zero  humidity 
at c r u i s e  a l t i t u d e  r e s u l t s  i n  a n  u n d e r e s t i m t i o n  of t h e  c r u i s e  NOx emis- 
s ion  index of from 1 to  1 2  percent .  
dry a i r ) .  
d ry  
Baseline production engines.  - The NASA exhaust emission estimates 
d t r i n g  c r u i s e  for r ep resen ta t ive  production engines ior both a subsonic 
and supersonic  commercia1 a i r c r a f t  are tabula ted  i n  t a b l e  V .  The c r u i s e  
emission estimates f o r  t he  JT9D engine are e x t r a p l a t e d  from average 
takeoff emission ind ices  for t he  JT9D given i n  re ference  33. 
takeoff emission ind ices  f o r  CO and t o t a l  hydrocarbons a r e  judged t o  be 
The JT9D 
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r ep resen ta t ive  of c r u i s e  : i i s s ions  because combustor id& pressur+  and 
tery-rs:ure f o r  e i t h e r  condi t ion  is hign enough f o r  t h e  combustion e f f i -  
c iency t o  be indzpendent of opera t ing  ccndi t iotrs  (ref.  20). These er;tis- 
s fon  ind ices  for 33  a i l  tctal hydracarbons are also -sed to  c h a r a c t e r i z e  
c d u s t c r  enissicns for  the  i idvancd engines tabula ted  i n  t a b l e  Vi. 
Emission ecimates for the  Oiynpus 593 engine were obtained fisr refer- 
W,CZ 1 (p;. 173-179). The 9lynpus 593 engine does not u3e a f t e r b u r n i w  
ducLng stnady-state  c ru i se .  
Class 1 eagine  m d i f i c a t i o n .  - The NASA en i s s ion  f o r e c a s t s  f o r  a 
" C l a s s 1  L't!angei' f p r  both a n  ATT and ASST mission are t abula ted  ii 
cab le  VI. The Class i emission forecasts ind ica t ed  f o r  t h e  A';T us ing  J P  
dr? related to t h e  ope ra t i cg  requirements of t h e  advanced turbofan engine 
(table 11) but  should also be app l i cab le  to  r e t r o f i t t e d  production engines.  
B reduct ion  i n  t h e  NOx _ -  i s s i o n  indeir of 30 percent  below t'he base l ine  
l e v e l s  for t h e  JT93 and r)l_yi;tpcs 593 engines ( t a b l e  V) is based on the  as- 
sumed a v a i l a b i l i t y  of iaqxoved air atomizing f u e l  i n j e c t o r  technology 
similar to that descr ibed i n  r e fe rence  10. The NClx emission estimates 
shown in Lable VI ha-Je also been cor rec ted  for d i f f e r e n c e s  i n  ope ra t ing  
conditions ( i n l e t  pressure and temperature,  and e x i t  temperatse) between 
the base l ine  and advance6 mgines .  This c o r r e c t i o n  f o r  d i f f e r e a c e s  i n  
combustor ope ra i ing  condi t ions  r e s u l t s  i n  a n  a d d i t i o n a l  SOx decr3ase  of 
about 21 percent f w  t h e  A'fT combustor and a No, increase of 8 percent  
for the ASST conhotor (core  engine) relative to base l ine  condi t ions .  
This 2 1  percent reduct ion  i n  ;iox f o r  the ATT is mainly due t o  t h e  lower 
projec ted  values  f o r  combustor i n l e t  temperature and pressure  ( t a b l e  11). 
Tie 8 percent iacrease i n  Nilx f o r  thc. ASST combustor i s  mainly due t o  t h e  
higher  projected value f o r  combustor e x i t  temperature ( t a b l e  11). Thus, 
t h e  n e t  reduct ion  of t h e  XClX emission ind ices  f o r  the Class 1 ATT and 
ASST combustors relati-Je t o  t h e  base l ine  engines  is about  45 and 24 per- 
cen t ,  respec t ive ly ,  as shown by comparing t a b l e  Y wi th  t a b l e  V I .  
The X3, emissior, i nd ices  f o r  the  ASST augmentor (duct-burner) are 
e s t i n a t e d  from the  da t a  of f i g u r e s  1 and 2 fo r  a s i n g l e  annular  priclary 
combustor (corrected to  duct-burner ope ra t ing  cond i t ions ) .  This  approach 
is considered j u s t i f i a b l e  because the  combustion c h a r a c t e r i s t i c s  of a 
duct  burner would be expected t o  be similar t o  a p r i m r y  combustor run- 
ning a t  the  same opera t ing  coqdi t ions .  The predic ted  N3, e n i s s i o n  index 
fo r  the  augmentor is s i g n i f i c a n t l y  lower than t h a t  f o r  t h e  combustor be- 
cause t h e  i n l e t  temperature and pressure,  and e x i t  temperature for the  
augmentor are much lower ( t a b l e  I I ( b ) ) .  
[overa l l )  for the  ASST engine, c a l c u l a t e d  from t h e  independent emission 
ind ices  and f u e l  flow rates f o r  tile combustor and augmentor, is about 
43 percent  lower tnan t h e  corresponding base l ine  engine.  
The predic ted  NOx en i s s ion  index 
The ASST augmentor (duct-burner) combustion e f f i c i e n c y  was estimated 
t o  be  about 98 perceat  a t  the  cruise opera t ing  cond i t ions  of t a b l e  I1 by 
means of a c o r r e l a t i o n  with opera t ing  cond i t ions  presented i n  re ference  34 
aitd by assuming t h a t  duct-burner performance would be similar t o  the  ex- 
perimental  full-scale duct-burner descr ibed i n  re ference  3 4 .  With these  
assumptions the  duct-burner 's  con t r ibu t ion  to 20 and t o t a l  hydrocarbons is 
s i g n i f i c a n t l y  g rea t e r  than the  con t r ibu t ion  from t h e  p r i m r y  combustor i n  
the  core engine.  
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C l a s s  2 engine modif icat ion.  - The NASA NO, emission f o r e c a s t s  for 
making a "Class 2 Change" i n  e i t h e r  t h e  ATT or A S S  ens ines  as tabula ted  
i n  table V I  are based on present  swirl-an combustor d a t a  ( f i g s .  1 and 2) 
and goa l s  set for t h e  NASA Experimental Clean Combustor Program. A NO, 
emission index of 6 was ca lcu la t ed  for t h e  ATT combustor using JP f u e l  by 
c o r r e c t i n g  va lues  cb ta ined  from f i g u r e s  1 and 2 t o  c r u i s e  opera t ing  condi- 
tions. 
fndex as compared with "Class 1" engines (69 percent  reduct ion  comnared 
with p re sen t  "baseline" engines) .  Sased on t h e  NASA Experimental Clean 
CoiPbus:or ?rograrn goal of reducing Wx emission i n d i c e s  by about one- 
fcur t t :  t k a t  of t he  "baseline:' engines,  a fo recas t  va lue  of 4 w a s  obtained. 
Thus, a NO, e r i s s i o n  index between 4 and 6 is fo recas t  f o r  t h e  ATY com- 
bus tor .  Similar  c a l c u l a t i o n s  were made for t h e  ASST combustor, which gave 
a NO, emission indox fo recas t  between 5 and 9. 
t i o n  for t he  ASST augmentor was a l s o  based on t h e  swir l -can  c d u s t o r  data 
of figures 1 and 3.  
kSST ecgine was ca lcu la t ed  t o  be between 3 and 7, r ep resen t ing  a n  average 
reduct ion oi a b u t  73 percent  compared to the  base l ine  engine. 
Tiiis r ep resen t s  about a 45 percent  reduct ion  i n  t h e  NOx emission 
The SOx emission predic- 
The predic ted  NC), emission index (overall) f o r  t h e  
An improvement i n  duct-burner  e f f i c i e n c y  f o r  t h e  "Class 2" A S S  
M g h e  from 98 to 99 percent is a r b i t r a r i l y  judged to  be a t t a i n a b l e  by 
the  in t roduc t ion  of v a r i a b l e  geometry t o  con t ro l  a i r f low and/or  f u e l  f l o w  
d i s t r i b u t i o n .  
Ninimum engine emissions.  - The minimum NO, e z i s s i o n s  fo recas t  for 
the  premixing-prevaporizing ATT or ASST combustor as t abu la t ed  i n  t a b l e  VI 
are obtained from t h e  k i n e t i c s  data of f i g u r e  4 vhich inc lude  t h e  e f f e c t  
of "oxygen overshoot" as discussed i n  Sec t ion  11. 
cor rec t ed  to the  proper c r u i s e  opera t ing  condi t ions .  
shown i n  t a b l e  VI r ep resen t s  a wte conserva t ive  cstimte of t h e  minimum 
attainable NOx emission index f o r  an assumed minimum primary zone equiva- 
lence  ratio of 0.6 acd an  assumed r e a c t i o n  zone dwell t i m e  of 2 nsec. 
Tine lower N4, es t ima te  ( t a b l e  VI) might be a t t a i n a b l e  by opera t ing  with a 
minimum pr iaary  zone equivalence ra t io  of 0.5. In  agy event ,  as d i s -  
c w s e d  i n  sec t ion  11, these  p re l in ina ry  a n a l y t i c a l  r e s u l t s  should he in-  
t e rp re t ed  caut iously.  Mininun NOx emission ind ices  could conceivably be 
est imated mre accura t e ly  when more realistic computer models are evolved 
and when more iurrdamental experimental  da t a  of t he  t y p e  obtained i n  ref- 
erence 17 becomes available. 
Tnese da t a  were a l s o  
The upper value 
The XSST i uc t -bu r i s r  emission i n a i c e s  fo r  CO and to  tal  liydrocarb-ns 
are assumed t o  be equal  to  t h e  emission l e v e l s  f o r  t h e  primary combustor. 
Ef fec t  of v a r i a t i o n s  i n  c r u i s e  a l t i t u d e  and Mach number. - The e m i s -  
s i o n  fo recas t s  presented i n  t a b l e  V I  are based on t he  cons tan t  c r u i s e  
ope ra t ing  condi t ions  fo r  t h e  pro jec ted  engines given i n  t r ib le  11. 
f o r e c a s t s  may be ad jus t ed  t o  a varying c r u i s e  f l i g h t  envelope such as 
presented i n  re ferences  1 (pp. 169-172) and 35 by apply ing  c o r r e c t i o n s  
fo r  v a r i a t i o n s  t o  combustor or duct-burner ope ra t ing  condi t ions .  I n  gen- 
eral, the  GO and t o t a l  hydrocarbon emission i n d i c e s  for e i t h e r  t h e  ATT or 
ASST primary combustor are not s e n s i t i v e  t o  normal v a r i a t i o n s  i n  com- 
bus tor  opera t ing  condi t ians  dur ing  c r u i s e  such as presented i n  refer- 
ences 1 and 35. 
These 
S ign i f i can t  i nc reases  i n  t h e  Ci) and t o t a l  hydrocarbon 
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emission ind ices  f o r  t h e  ASST duct-burner MY occur dur ing  t r anson ic  ac- 
celeration because of lower i n l e t  temperature and pressure;  however, the  
quan t i ty  of f u e l  consumed during t r anson ic  a c c e l e r a t i o n  is considered t o  
be  r e l a t i v e l y  small  in comparison to the  total  quan t i ty  of f u e l  used 
dur ing  cruise .  I f  required,  the  duct-burner combustion e f f i c i e n c y  pre- 
d i c t i o n s  presented in t a b l e  VI m y  be co r rec t ed  f o r  varying opera t ing  
condi t ions  by us ing  the  correlation of r e fe rence  34. 
Projected NO, en i s s ion  ind ices  M Y  be cor rec ted  for  varying c r u i s e  
opera t ing  condi t ions  by applying t h e  c o r r e c t i o n s  descr ibed i n  t h e  s e c t i o n  
"Procedures for NO, dission index d a t a  ex t rapola t ion ,"  The l a r g e s t  cor-  
r e c t i o n  t o  t h e  NOx emission index would be due to v a r i a t i o n s  i n  f l i g h t  
k c h  nm5er .  
deereasr  exponent ia l ly  with decreasing i n l e t  temperatures as f l i g h t  Mach 
number is reduced. 
presented i n  t a b l e  VI, i t  is doubt fu l  t h a t  cruise a l t i t u d e  and Mach num- 
ber  corrections uould r lecessar i ly  improve t h e  accuracy of t h e s e  emission 
index p ro jec t ions ;  however, l a r g e  v a r i a t i o n s  i n  c r u i s e  f u e l  flow rates 
w i l l  r e s u l t  i n  propor t iona te  variations i n  the pro jec ted  emission rates. 
The projected N% emission ind ices  would be expected to  
Because of t h e  l a r g e  unce r t a in ty  of t h e  f o r e c a s t s  
Ad Hoc Committee Study 
Tke consensus on the  exhaust emissions poss ib l e  using pro jec ted  
technology are summarized i n  t a b l e  V I I .  The emission ind ices  l i s t e d  t h a t  
are based on "Current Technology" would be  c h a r a c t e r i s t i c  of e x i s t i n g  
production engines llranufactured p r i o r  to 1979 t h a t  would cont inue  t o  be 
i n  s e r v i c e  during t h e  1980 to  1985 t i m e  per iod.  
be required t o  meet t h e  proposed 1979 EPA emission l i m i t s  s i n c e  t h e  regu- 
l a t t o n  would only  apply t o  engines e i t h e r  manufactured o r  c e r t i f i e d  a f t e r  
1978. 
These engines  would not  
Two emission es t imates  are shown f o r  both CTOL and ASST a i rc raf t  
engines r ep resen ta t ive  of e i t h e r  r e t r o f i t t e d  engines or  advanced engines 
en te r ing  s e r v i c e  after 1978. The f i r s t  e s t ima te  designated as "Antici- 
pated Emission Reduction Technology" assumes that the  low NOx combustor 
technology generated t o  meet the  proposed 1979 EPA emission s tandards  
covering the  landing-takeoff cyc ie  f o r  CTOL a i r c r a f t  could be a p p l i c a b l e  
t o  the  reduct ion o f  emissions during c r u i s e  f o r  both CTOL and ASST. It 
is understood t h a t  t h i s  estimate assumes that t h e  NO, reduct ion w i l l  be 
obtained by means of combustor redesign.  The NOx emission index f o r  t h e  
ASST engine should genera l ly  be higher  during supersonic  c r u i s e  than a t  
takeoff  because combustor i n l e t  temperature inc reases  with inc reas ing  
c r u i s e  Mach number t o  a l e v e l  exceeding t h e  i n l e t  temperature a t  takeoff  
condi t ions.  
fo r  commercial supersonic  a i r c r a f t  would r equ i r e  a NOx l i m i t  a t  takeoff  
but  not a t  c r u i s e .  "Anticipated Emission Reduction Technology" impl ies  
t h a t  technology w i l l  be  evolved t o  reduce NO, emissions f o r  t h e  ASST 
engine during supersonic  c r u i s e  as well as a t  t akeof f .  I f  c r u i s e  emis- 
s ion  s tandards  were not  e s t ab l i shed ,  and i f  water i n j e c t i o n  should be re- 
quired t o  obta in  a por t ion  of the  requi red  NO, reduct ion  dur ing  takeoff ;  
Expected emission s tandards  f o r  t h e  landing-takeof f c y c l e  
i f  
then, tne pro jec ted  emission index for NGx would be expected t o  approach 
a l e v e i  somewhere between the  value shown f o r  "Anticipated Emission R e -  
duct ion Technology" and the value ind ica ted  f o r  "Current Technology" 
engines.  The second estimate designated as "Advancec' Emission Reduction 
Technology'' is a more op t imis t i c  pro jec t ion ,  and is based on t h e  evolu- 
t i o n  of a more advanced technology such as a premixing-prevaporizing com- 
bus tor  aimed a t  even lower NO, emission l e v e l s .  
The pro jec ted  emission index fo r  carbon monoxide fo r  both CTOL and 
the  nonaugmented SST are somewhat higher than the  lowest l e v e l s  t h a t  
might be achieved because of the  assumption that e f f o r t s  t o  reduce NO, 
by means of both fuel-lean-combustion and reduced dwell  t i m e  may r e s u l t  
i n  increas ing  carbon monoxide l e v e l s .  The GO emission index based on 
advanced technology could be reduced to as l o w  as  0.5  if allowances were 
made f o r  a somewhat higher  NO, l e v e l ;  however, one engine manufacturer 
s t a t e d  t h a t  a CO emission index of 1 could be a t t a i n a b l e  for a cor re -  
sponding NO, emission index of 3 us ing  advanced technology. 
The pro jec ted  emission index for  t o t a l  hydrocarbons based on a n t i c i -  
pated emission reduct ion technology is as g rea t  as about 5 times cu r ren t  
values  t o  al low f o r  t h e  expected t radeoff  necessary f o r  ob ta in ing  reduced 
NO,; however, two manufacturers be l i eve  t h a t  t h i s  va lue  could be reduced 
to  about 0.1. 
based on a n t i c i p a t e d  emission reduct ion technology are n o t  much lower 
than the value shown fo r  t he  cu r ren t  Olympus 593 (Concorde) or NK-144 
(Tupolev TU-144) engines.  This is a t t r i b u t e d  to t h e  expec ta t ion  t h a t  
f u t u r e  ASST a i r c r a f t  b 5 l l  c r u i s e  a t  higher  f l i g h t  speeds than t h e  cu r ren t  
nodels. Combustor i n l e t  temperature may be higher  a t  t h e  h igher  f l i g h t  
speeds; t he re fo re ,  t he  NOx formation rate w i l l  tend t o  be g r e a t e r .  The 
pro jec ted  NOx emission icdex fo r  both the nonaugmented and augmented ASST 
t h a t  is based on advanced technology assumes t h a t  t he  required tu rb ine  
i n l e t  temperature w i l l  b e  less than about 1750 K.  For .:dvanced tech- 
nology SST engines r equ i r ing  turb ine  i n l e t  temperatures breiiter than 
about 1750 R, t h e  est imated NO, emission index might be as high T S  o f o r  
t h e  dry tu rbo je t  and as high as 5 for the  duct-burning turbofan.  
es t imated emission iildex for soot is  based on the  accumdated mass of a l l  
p a r t i c l e s  i n  the  exhaust t h a t  are g rea t e r  than about 0.1 micron. 
The Nilx  emission ind ices  shown f o r  t h e  two ASST engines  
The 
The Ad hoc Zommittee s tudy considered two ca t egor i e s  of emission re- 
duct ion technology: "Anticipated" and "Advanced" whereas, t h e  NASA study 
considered two ca t egor i e s  of emission reduct ion technology (Class  1 - 
Ninor Combustor Modification and Class 2 - Major Combustor Redesign) i n  
addi t ion  to  a t h e o r e t i c a l  minimum based on chemical k i n e t i c s  c a l c u l a t i o n s  
f o r  a completely premixed-prevapor ized combustor. 
d i c t e d  for t he  NASA Vlass 2" - Major Combustor Redesign - f a l l  wi th in  
t h e  range of t h e  consensus p red ic t ions  designated as "Anticipated" and 
"Advanced Emission Reduction Technology. 
d i c t i o n s  for t o t a l  hydrocarbons a r e  i n  good agreement with t h e  consensus 
p red ic t ions ,  and the  NASA emission predic t ions  f o r  carbon monoxide a r e  
somewhat below the  consensus pred ic t ions .  The consensus s t u d y  d i d  not  
consider a category comparable t o  the  NASA "Class 1" - ?finor Comliustor 
Nodif icat ion - because of t he  opinion t h a t  minor combustor modif icat ion 
NO, emissions pre- 
The NASA emission index pre- 
18 
would not  be s u f f i c i e n t  to  meet proposed c lean  a i r  s tandards.  Also, t he  
consensus fo recas t  d i d  not  include p red ic t ions  of t h e o r e t i c a l  minimum 
emission l e v e l s  s i n c e  they were not  wi th in  t h e  scope of t h e  ad hoc com- 
mittee s tudy of prac t icably  achievable  emission reduct ion  technology. 
CONCLUDIXG REMARKS 
Forecas ts  were made i n  t h i s  s tudy by p red ic t ing  technologica l  ad- 
vances i n  reducing ex’naust emissions of f u t u r e  c o m e r c i a 1  a i r c r a f t  oper- 
a t i n g  a t  high a l t i t u d e  cruise condi t ions .  Emission c h a r a c t e r i s t i c s  were 
determined f o r  f u t u r e  jet  engines that were s e l e c t e d  for  both subsonic 
and supersonic missions based on minimizing the  aircraft  take-off gross  
weight f o r  a given payload and range, and a spec i f i ed  noise  c o n s t r a i n t .  
High bypass turbofan engines were spec i f i ed  f o r  a n  advanced subsonic air-  
c r a f t ,  and duc t-burning turbofan o r  dry  turbo jet engines were spec i f i ed  
f o r  a n  advanced supersonic a i r c r a f t .  
It is an t i c ipa t ed  t h a t  growth vers ions  of many present-day a i r c r a f t  
w i l l  cont inue t o  be i n  s e r v i c e  up t o  a t  least 1990, and advanced engines 
u t i l i z i n g  low NOx combustor technology could be  incorporated i n t o  the  
design of these a i r c r a f t  between 1985 and 1985. 
supersonic a i r c r a f t  could become ope ra t iona l  i n  t h e  e a r l y  1990’s. It 
appears  q u i t e  probable that JP-type f u e l s  w i l l  remain as t h e  main energy 
source for  commercial jet  a i r c r a f t  u n t i l  a t  least t h e  late 1990’s. 
Advanced subsonic and 
Minor combustor modif icat ions implemented by technological  advances 
made wi th in  t h e  next 4 t o  7 years  could reduce t h e  NO, emission index by 
approximately 30 percent .  However, g rea t e r  reduct ions  w i l l  be  needed i n  
order  t o  meet proposed c lean  air  s tandards.  It is a n t i c i p a t e d  t h a t  major 
combustor redesigns t o  reduce NOx emission ind ices  by as much as 75 per- 
c e n t  below t h a t  of cur ren t  production engines might r e q u i r e  7 t o  10 years  
f o r  development and engine c e r t i f i c a t i o n .  Minimum emission l i m i t s  de t e r -  
mined from chemical k i n e t i c s  c a l c u l a t i o n s  f o r  a combustor burning 
premixed-prevaporized f u e l  p red ic t  t h a t  even lower NOx emission l e v e l s  
are t h e o r e t i c a l l y  possible .  
a goal to  be  approached i n  p r a c t i c a l  cou,bustor design.  
This t h e o r e t i c a l  minimum a c t u a l l y  r ep resen t s  
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i Ai rc raf t  designat ion 747B-200 
i 
i 
Takeoff gross weight, kg 354 000 I 
I 1 Passengers 374-500 
i 
Hange, km 11 900 
i-- 
' Cruise Mach number 0.85 
TABLE I .  - CMMERCIXL AIRCRAFT SYSTEMS 
--.-._ - . 
DC-10 I 
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1 Cruise Mach number 
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1 7  70C 
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Number of engines 
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Cruise Mach number 
Cruise a l t i t u d e ,  meters 
Total  a i r f low rate, kg/sec 
Bypass r a t i o  
Compressor discharge a i r f low rate, 
kg/sec 
TABLE 11. - CRUISE OPERATING CONDITIONS 
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Combustor I n l e t  temperature, K 
Combustor i n l e t  pressure,  a t m  
Combustor exit  temperature, K 
Fuel-air  r a t i o  





















TABLE 11. - Concluded. CRUISE OPERATING CONDITIONS 
(b) Supersonic 
~~ ~ ~~ ~ ~ 
Concorde: 
(Olymptis 563) 
AB turboje t  * 
Future duct-burning 
turbnr'an (ASST) - 
NASA study 
Cruise Mach number ! 2.0  1 
Cruise a l t i t u d e ,  meters I 1 7  700 
I 






I kg/sec Combustor i n l e t  temperature, K Combustor i n l e t  pressure,  a t m  
Combustor e x i t  temperature, K 
Combustor f u e l - a i r  r a t i o  











83 0 I 2.36 Tota l  a i r f low rate, kg/sec Bypass r a t i o  
Augmentor i n l e t  temperature, K 
Augmentor i n l e t  pressure,  atm 
Augmentor i n l e t  ve loc i ty ,  m/aec 
Augmentor e x i t  temperature, K 










Augmentor a i r f low rate, kg/sec I 236 
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MODIFICATIONS TO REDUCE EMISSIONS DURING CRUISE 
Mod i f  i c  a t  ion 
Minor d i f  i c a t i o n  
Basis: Ret ro f i t  production engine 
Minor change or improvement 
t o  growth version of pro- 
duction engine 









Descriptive example s 
Subs t i t u t e  Improved Fuel In- 
j e c t o r  t o  improve f u e l  -7 atom- 
. __ I 
Emission index, 
g / k  f u e l  
1.25~103 
3 .22~103  
0.1 
1-2 
i z a t i o n  
Total  trace 
elements 
Lubricating 
o i l  
I 




TABLE IV. - ESTIMATED EMISSION INDICES FOR H20, 
CO, S02, PARTICULATES (SOOT) AND TOTAL 
TRACE ELEMENTS AT CRUISE CONDITIONS 
TABLE V. - EXHAUST EMISSION ESTIMATES FOR PRDWCTION 
16-23 
PROPULSION SYSTEM AT CRUISE CONDITIONS 
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Total  hydrocarbons I g W 2 )  
I kg f u e l  
-100 1 99.9- 
I -- 
C o d u s t i o n  e f f i c i e n c y ,  
percent * 
** Based on ref. 33 (p.IV-311). 
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